Intra-and multicenter reproducibility of currently used arterial spin labeling (ASL) methods were assessed at three imaging centers in the Netherlands, equipped with Philips 3TMR scanners. Six healthy participants were scanned twice at each site. The imaging protocol consisted of continuous ASL (CASL), pseudo-continuous ASL (p-CASL) with and without background suppression, pulsed ASL (PASL) with single and multiple inversion times (TIs), and selective ASL for segmentation. Reproducibility was expressed in terms of the coefficient of repeatability and the repeatability index. Voxelwise analysis of variance was performed, yielding brain maps that reflected regional variability. Intra-and multicenter reproducibility were comparable for all methods, except for single TI PASL, with better intracenter reproducibility (F-test of equality of two variances, P < 0.05). Pseudocontinuous ASL and multi TI PASL varied least between sites. Variability maps of all methods showed most variability near brain-feeding arteries within sessions and in gray matter between sessions. On the basis of the results of this study, one could consider the use of reference values in clinical routine, with whole-brain p-CASL perfusion varying < 20% over repeated measurements within the same individuals considered to be normal. Knowledge on regional variability allows for the use of perfusion-weighted images in the assessment of local cerebral pathology.
Introduction
Cerebral perfusion imaging has an important role in the diagnosis and evaluation of different brain disorders, and in the examination of brain function. The distribution of perfusion throughout the brain reflects local metabolic demands and provides information about the delivery of metabolic substrates. Arterial spin labeling (ASL) is a relatively new and non-invasive perfusion imaging modality that can be used for visualization and quantification of cerebral blood flow (CBF). Arterial spin labeling uses magnetically labeled arterial blood water protons as an endogenous tracer of flow. Its non-invasive character makes ASL especially attractive for repeated CBF measurements in patient follow-up, longitudinal studies, pharmacological studies, and for measurements in the pediatric population. However, the clinical implementation of ASL remains challenging because of several difficulties. The method suffers from an intrinsic low signal-to-noise ratio (requiring longer scanning time periods to obtain sufficient perfusion signal), a difficult planning process, and uncertainties regarding cerebrovascular kinetics or blood equilibrium magnetization, directly affecting perfusion estimates. Because of these difficulties, ASL is being portrayed as a research tool that can only be used in highly specialized imaging centers. As many of these problems were solved by technical advances, ASL became more feasible for clinical use in the last few years (Golay et al, 2004; Petersen et al, 2010; Calamante et al, 1999; Wang and Licht, 2006; Detre et al, 2009; Donahue et al, 2010; Wang et al, 2008) .
During the last decade, several single-center studies were performed to assess the robustness of whole-brain and flow territory perfusion estimates on the basis of either continuous or pulsed labeling schemes (Floyd et al, 2003; Gevers et al, 2009a; Hermes et al, 2007; Parkes et al, 2004; Jahng et al, 2005) . The recently published quantitative star labeling of arterial regions (QUASAR), reproducibility study has been the first to describe the multicenter reproducibility of ASL. This study has shown that ASL is a reliable perfusion imaging technique that can be used in clinical routine without the need for special hardware or dedicated personnel (Petersen et al, 2010) .
However, it is still uncertain whether comparable perfusion values would be obtained when scanning the same subjects multiple times at different imaging sites. The latter will determine whether reference values for CBF could be used in clinical decision making or whether each imaging center should first gauge its own perfusion values in healthy controls. In addition, reproducibility studies performed thus far focused on the quantitative assessment of reproducibility of perfusion estimates. The behavior of regional variability patterns in ASL perfusion imaging, however, is still unknown. Knowledge on regional variability patterns is valuable when ASL perfusion maps will be used in the diagnostic process in patients with local cerebrovascular pathology and can provide insight in the most important sources of variation for the different ASL techniques.
The aims of this study were twofold. The primary aim of this study was to assess whether ASL is a reliable method for perfusion imaging, enabling the use of reference values for cerebral perfusion in the evaluation of cerebral perfusion. The secondary aim of this study was to measure regional variability patterns in ASL perfusion imaging.
Materials and methods

Subject Recruitment and Study Design
Variability of continuous ASL (CASL), pulsed ASL (PASL), and pseudo-continuous ASL (p-ASL) sequences was assessed at three imaging centers in the Netherlands. Magnetic resonance (MR) investigations were performed on 3TMR scanners (Philips Healthcare, Best, the Netherlands) with the same implementation of ASL sequences. The local ethics committees of the participating imaging centers approved the study protocol. After obtaining written informed consent, six healthy volunteers (five men, one woman; aged 25 to 50 years) without known brain disease were scanned twice at each location, with 1 to 3 weeks between the sessions. No caffeine intake was allowed at the scanning days, before scanning sessions. Each session protocol consisted of a three-dimensional (3D) time-of-flight MR angiography, a CASL sequence, a PASL sequence with single and with multiple inversion time periods (single and multi TI PASL), a p-CASL sequence performed with and without additional background suppression pulses, a high-resolution 3D T1weighted anatomical scan, and a selective ASL scan for registration and segmentation purposes. All scans were performed in a randomized manner. Magnetic resonance angiography and CASL scans were acquired with a transmit/receive head coil from the manufacturer (Philips Healthcare). Pulsed ASL, p-CASL, selective ASL, and anatomical scans were acquired with a SENSE-8-channel head coil and body coil transmission (Philips Healthcare). Total scan duration per session was 50 minutes.
ASL Sequences
Imaging parameters that were previously used in local studies at the participating imaging centers were used.
We used the amplitude-modulated CASL approach described by Alsop and Detre (1998) , without violating specific absorption rate levels. Continuous ASL imaging parameters were as follows: sequence repetition time/echo time (TR/TE), 4,500 ms/32 ms; flip angle, 901; field of view (FOV), 210 Â 210 mm 2 ; matrix size, 64 Â 45; 11 slices; thickness, 7 mm; no gap; spin-echo single-shot echo-planar imaging (EPI); number of dynamics, 40; labeling duration, 2.0 seconds; radio frequency pulse amplitude, 3.5 mT; gradient strength, 2.5 mT/m; modulation frequency, 250 Hz; post-labeling delay, 1.2 to 2.2 seconds, depending on the slice number; labeling gap between the center of the imaging volume and the labeling slab, 60 mm; and total scan duration, 7.6 minutes.
Our single TI PASL sequence was based on the PULSAR (pulsed star labeling of arterial regions) sequence developed by Golay et al (2005) . Imaging parameters were as follows: TR/TE, 3,000 ms/20 ms; flip angle, 901; FOV, 240 Â 240 mm 2 ; matrix size, 80 Â 79; 17 slices; thickness, 7 mm; no gap; gradient-echo single-shot EPI; SENSE 2.0; post-labeling delay, 1.2 to 2 seconds; number of dynamics, 40; labeling gap between the center of the imaging volume and the labeling slab, 25 mm; and total scan duration was 4.2 minutes. The multi TI PASL sequence that we used was based on the QUASAR sequence described by Petersen et al (2006 ) (van Osch et al, 2007 . Imaging parameters were as follows: TR/TE, 3,000 ms/28 ms; flip angle, 301; FOV, 240 Â 240 mm 2 ; matrix size, 80 Â 79; 5 slices; thickness, 7mm; no gap; gradient-echo single-shot EPI; SENSE 1.2; number of dynamics, 40; labeling gap between the center of the imaging volume and the labeling slab, 25 mm; TIs ranging from 100 to 2700 ms with a 300 ms interval and a flip angle of 301; and total scan duration was 4.1 minutes.
The p-CASL sequence described by Dai et al (2008) was performed with and without additional background suppression pulses (Wu et al, 2007; Ye et al, 2000) . Imaging parameters were as follows: TR/TE, 4,000 ms/14 ms; flip angle, 901; FOV, 240 Â 240 mm 2 ; matrix size, 80 Â 79; 17 slices; thickness, 7 mm; no gap; gradient-echo single-shot EPI; SENSE 2.5; post-labeling delay, 1.525 to 2.1 seconds; number of dynamics, 40; and labeling gap between the center of the imaging volume and the labeling slab, 90 mm. Background suppression was achieved by applying a saturation pulse preceding labeling and by applying two inversion pulses, 1,680 and 2,830 ms, after the saturation pulse. Total scan duration was 5.3 minutes.
To determine the selective supply to the independent flow territories of the major brain-feeding arteries, we used planning-free vessel-encoded p-CASL, as implemented by Wong (2007) . Imaging parameters were as follows: TR/TE, 4,000 ms/14 ms; flip angle, 901; FOV, 240 Â 240 mm 2 ; matrix size, 80 Â 79; 17 slices; thickness, 7 mm; no gap; gradient-echo single-shot EPI; post-labeling delay, 1,525 ms; background suppression by a saturation pulse preceding the labeling and by two inversion pulses, 1,680 and 2,830 ms, after the saturation pulse; number of dynamics, 75; labeling gap between the center of the imaging volume and the labeling slab, 90 mm. To achieve selective labeling of major brain-feeding arteries, labeling efficiency was spatially manipulated within the labeling plane (Gevers et al, 2009b; Wong, 2007) . Total scan duration was 5 minutes.
Planning Process
Labeling planes were positioned parallel to imaging volumes, at a level in which the relatively thin labeling planes used in CASL and p-CASL are more or less perpendicular to the distal ascending portions of the internal carotid and basilar arteries (ICAs and BA). Preceding each CASL scan, 3D time-of-flight MR angiography was performed to allow for careful planning of the CASL labeling plane, 10 to 20 mm below the circle of Willis. Planning of PASL-and p-CASL-based sequences was carried out once per imaging session using the same center and angulations of the imaging volume for all scans. Between sessions, screen dumps of the position of the labeling plane on sagittal 3D-T1 anatomicals were used as a guide for planning PASL and p-CASL sequences.
Post Processing FSL (FMRIB Software Library, Functional Magnetic Resonance Imaging of the Brain Center, Department of Clinical Neurology, University of Oxford, Oxford, UK, http:// www.fmrib.ox.ac.uk) and Matlab (The MathWorks, Natick, MA, USA; http://www.mathworks.com) were used for offline data processing.
Subtraction of labeled and control images yielded wholebrain perfusion-weighted images of all scans obtained from the 36 data sets (three sites, six volunteers, two repeated measurements).
The images obtained by planning-free vessel-encoded p-CASL were used for delineation of flow territories of the ICAs and the BA. Flow territories were defined by averaging the dynamic scans with equal spatial encoding of labeling, yielding four selectively or globally labeled perfusion-weighted images and one control image. The (selectively) labeled images were subtracted from the control image, resulting in one non-selective perfusion image and three selective perfusion maps. Relative labeling efficiency was calculated in all voxels and flow territories were identified using k-means clustering, as outlined by Wong and Kansagra (2008) . Additionally, spatial voxel information was included as a feature in the clustering algorithm, in accordance with the K-Nearest Neighborbased classification technique described by Anbeek et al (2004) (Gevers et al, 2009b) .
Perfusion-weighted images and flow territories were transformed into anatomical space by 3D affine registration on gray matter masks of corresponding anatomical scans. After segmentation of perfusion-weighted images into flow territories, global cerebral perfusion and flow territory perfusion were quantified. Subsequently, all anatomical data were transformed into standard space. This yielded two transformation matrices per ASL scan, which were used to transform all 36 sets of individual dynamics into standard space to allow for voxelwise data comparison. Gaussian smoothing (full width at half maximum = 6 mm) was used on the transformed dynamics to decrease the effect of registration mismatches.
Equilibrium Magnetization
Quantification of absolute blood flow by ASL requires an estimation of the equilibrium magnetization of arterial blood (M 0a ). In this study, we used the procedure outlined by Chalela et al (2000) :
in which S csf is the signal intensity of cerebrospinal fluid in a manually defined ventricular region, l a is the mL of water per mL of arterial blood (0.76), TR is the sequence repetition time, T 1csf is the relaxation rate of CSF (4.2 seconds) (Chalela et al, 2000) . The M 0a values were calculated for all individuals and for both head coils separately and scaled for relative voxel volumes. A mean M 0a value per coil and imaging center was used in further perfusion estimates.
Quantification
We used the following models in the quantification of perfusion measured by the different ASL techniques:
After calculation of M 0a , perfusion measured by CASL and p-CASL was quantified using the equation outlined by Chalela et al (2000):
where f is the flow in mL per g per second, DM is the difference between the control and labeled image intensities, w is the post-labeling delay, T 1a is the T 1 of arterial blood (1.6 seconds), TE is the echo time, T 2a is the T 2 of arterial blood (130 ms for CASL), r is the density of brain tissue (1.05 g/mL) and a the labeling efficiency (0.68 for CASL and 0.85 for p-CASL). As p-CASL and PASL use gradient echo readout instead of spin echo readout, T 2a was replaced by T 2 * a (T 2 * of arterial blood, 50 ms; St Lawrence and Wang, 2005; Uludag et al, 2009; Dai et al, 2008) . For single TI PASL, a similar model was used.
with a, 1.0 for PASL and t, the temporal bolus width (600 ms; Wong et al, 1998) . For multi TI PASL iteratively fitted to the model described by Buxton et al (1998) , with adaptations for multi TI PASL sequences proposed by Gunther et al (2001) :
with y, flip angle and 1=T 0 1 ¼ 1=ð1=T 1a À 1=T 1b À f = l þ lnðcos yÞ=DTIÞ, T 1b , the longitudinal relaxation time of brain tissue, l, the blood-brain partition coefficient (0.9), DTI, the time between two successive Look-Locker pulses, and Dt, the transit time.
Statistical Analysis
Perfusion data: Boxplots and histograms were used to examine the distribution of perfusion data (not shown here). Data were normally distributed. The mean value (MV), standard deviation (s.d.), and corresponding coefficient of variability (CV), defined as CV = 100% (s.d./MV), were calculated for mean whole-brain CBF measured at different sites using different ASL techniques. Differences between mean whole-brain CBF measured at different sites were tested using paired t-tests (SPSS 16.0.2 Statistics UK). Differences were regarded as significant if P < 0.05.
Quantitative reproducibility analysis: Different ASL methods yielded different mean CBF values, as measured over all subjects and sessions. To be able to compare the reproducibility measures of the different ASL methods, the mean CBF differences were removed by scaling mean whole-brain CBF-as calculated over all subjects and sessions-to 30 mL per 100 g/min. This was carried out for all ASL techniques. Reproducibility analyses were performed for whole-brain perfusion measurements and for flow territory perfusion measurements. Reproducibility for intra-and multicenter perfusion measurements was analyzed using Bland-Altman plots, the coefficient of repeatability (CR), and the repeatability index. In Bland-Altman plots, the difference between two measurements was plotted against the mean from two measurements, showing the agreement between two measurements. From the difference between repeated acquisitions, the mean difference and the standard deviation of the difference (s.d.D) were calculated. Intra-and multicenter reproducibility were then expressed in terms of (Bland and Altman, 2010; Bland and Altman, 1996) :
1. The CR, defined as the 95% confidence limits for the difference between repeated measurements is given by: CR = 1.96s.d.D 2. The repeatability index (RI): RI = 100% (CR/MV)
The difference between intra-and multicenter reproducibility measures was tested using the F-test of equality of two variances (s.d.D of intra-and multicenter repeated measurements).
Qualitative reproducibility analysis:
For the evaluation of regional variability patterns, global perfusion differences were removed by scaling mean whole-brain perfusion for each ASL scan (after averaging over repeated measure-ments) to 30 mL per 100 g/min. Subsequently, a voxelwise one-way analysis of variance was performed, using analysis of variance (ANOVA). This analysis was performed for intra-and intersession perfusion data. Intrasession variability reflects perfusion variability in one voxel during one session. Intersession variability reflects perfusion variability in one voxel between sessions. To assess intrasession perfusion variability, the analysis was performed on the signal intensities in all voxels of 40 paired subtractions of labeled and control images (subtractions CÀL). To assess intersession perfusion variability, the analysis was performed on the signal intensities in all voxels of 36 perfusion-weighted scans (means of subtractions CÀL; Figure 1 ). The results of the voxelwise analyses were depicted in brain maps reflecting the standard deviations (s.d.s) of measured perfusion values in all voxels in the brain. Data from multi TI PASL were not used in this analysis, as no perfusion estimates can be obtained from single dynamics.
Results
Perfusion Data
A representative example of the flow territories defined by selective ASL and of perfusion-weighted images gathered by the different ASL techniques is shown in Figure 2 . Figure 3 shows whole-brain perfusion values and corresponding s.d.s, measured by all ASL techniques. Mean whole-brain CBF was 23.6 to 40.5 mL per 100 g/min (25.3 ± 4.2, 23.6 ± 4.4, 30.7 ± 10.0, 26.3 ± 6.6, and 40.5 ± 9.5 mL per 100 g/min for p-CASL with and without BS, CASL, single and multi TI PASL, respectively). For both CASL and single TI PASL, mean whole-brain CBF differed significantly between one of the imaging sites and the other two imaging sites. Pseudo-continuous ASL with background suppression and multi TI PASL perfusion DM(t) = 0 0 < t < Dt;
DMðtÞ ¼ 2M 0a f sin y e Àt=T 1a ðe ðtÀDtÞ=T 0 1 À 1Þ Dt < t < t+Dt;
DMðtÞ ¼ 2M 0a f sin yT 0 1 e Àt=T 1a ðe ðtÀDtÞ=T 0 1 À e ðtÀtÀDtÞ=T 0 1 Þ t+Dt < t, Figure 1 Voxel-based analysis of variability. ANOVA, analysis of variance; CBF, cerebral blood flow; s.d, standard deviation.
data were less variable; however, for both a significant difference was found between values measured at two sites. Pseudo-continuous ASL without background suppression varied least between imaging sites. CVs for whole-brain CBF measurements by different ASL techniques at different sites are presented in Table 1 . Lowest CVs were found for p-CASL with background suppression. CVs also indicated that data dispersion, especially of CASL and PASL, varied per imaging center. Highest CVs were found for CASL and single TI PASL data gathered at imaging center II. Mean CBF measured by CASL and single TI PASL also differed significantly between center II and the other two centers (Figure 3) . Probably, this imaging center had an important role in CASL and single TI PASL reproducibility values reported in this study.
Quantitative Reproducibility Analyses
Intra-and multicenter perfusion differences plotted against mean perfusion were randomly distributed and showed no dependency on mean perfusion, as can be seen in the Bland-Altman plots shown in Figure 4 . Test-retest values plotted in Figure 5 are around the line of equality of the repeated measurements, indicating that there was a good correlation between the first and the second measurement ( Figure 5 ).
The results of our quantitative reproducibility analysis are presented in Table 2 . Pseudo-continuous ASL-based sequences showed less variability than CASL and single and multi TI PASL, and did clearly benefit from background suppression pulses. On the basis of the CRs and RIs presented here, one can be 95% sure that multicenter test-retest differences will be < 20%. Intra-and multicenter reproducibility were comparable for all ASL methods, except for single TI PASL. For single TI PASL, intracenter reproducibility was significantly better than multicenter reproducibility for whole-brain measurements and measurements in the left ICA flow territory (P < 0.05), whereas intra-and multicenter reproducibility were comparable for the flow territories of the right ICA and the BA.
Qualitative Reproducibility Analysis
Mean perfusion-weighted images and s.d. maps reflecting regional variability patterns within and between imaging sessions, are shown in Figure 6 . The mean perfusion-weighted images show apparent hyperperfusion of vascular regions in perfusionweighted images obtained by all ASL methods. High signal intensity was also apparent in the posterior region imaged by single TI PASL, possibly because of the larger labeling volume for the posterior circulation and the fact that no QUIPSS pulses or vascular crushers were used in this study .
Within-session s.d. maps showed that regional variability was smallest in p-CASL-based sequences. The use of background suppression further reduced regional variability. In single TI PASL s.d. maps, variability was largest in the brain region supplied by the BA. In CASL, obtained with a transmit/receive d.) . A significant difference between perfusion values measured at one site and the other two sites was found for continuous ASL (CASL) and single inversion time pulsed ASL (TI PASL; as indicated by the double asterisk). A significant difference between perfusion values measured at one site and one other site was found for pseudo-continuous ASL (p-CASL) with background suppression and multi TI PASL (as indicated by the single asterisk). head coil, variability was largest in the frontal area. For all ASL techniques, most intrasession variability was seen in vascular regions.
Between-session s.d.s were smaller than withinsession s.d.s. The s.d. maps for p-CASL-based sequences showed less variability than s.d. maps for single TI PASL and CASL. Again, in single TI PASL s.d. maps, variability was largest in the posterior region. In CASL, largest variability was seen in the frontal area and in vascular regions. For all ASL techniques, intersession variability was largest in gray matter.
Discussion
To our knowledge, this study is the first to assess intra-and multicenter reproducibility of main ASL methods for measuring cerebral perfusion, by scanning the same subjects multiple times and at multiple sites. This study was also the first to assess regional variability patterns of ASL methods.
The results of this study are twofold. First, perfusion values obtained by p-CASL with background suppression showed least data dispersion and best reproducibility measures for intra-and multicenter gathered data. Reproducibility analyses of p-CASL without background suppression and multi TI PASL yielded similar results. Reproducibility within and between imaging sites was comparable for all methods, except for single TI PASL, which showed better intracenter reproducibility. On the basis of the reproducibility measures presented in Table 2 , the use of reference values could be considered, with within-subject test-retest values deviating by < 20% considered to be normal. Second, regional variability patterns showed that for all ASL methods, within-session variance is largest in vascular regions and between-session variance is largest in gray matter. Knowledge on regional variability patterns in ASL perfusion imaging methods could be of value in the diagnostic use of perfusion-weighted images, and could also reveal the origin of observed signal fluctuations.
Quantitative intra-and multicenter reproducibility data show a worse performance of CASL and single TI PASL sequences than previously published data Figure 4 Bland-Altman plots showing the difference between intracenter repeated cerebral blood flow (CBF) measurements and mean CBF (mL per 100 g/min). Dotted lines indicate the mean CBF difference to be ± 1.96 s.d. of the difference between repeated measurements (i.e., the confidence interval for the difference between repeated measurements). Of the differences between repeated measurements, 95% will be between the dotted lines. CASL, continuous arterial spin labeling; p-CASL, pseudo-continuous arterial spin labeling; s.d., standard deviation; TI PASL, inversion time pulsed arterial spin labeling.
Figure 5
Test-retest perfusion values measured using different arterial spin labeling (ASL) sequences (mL per 100 g/min).
Values are centered around the line of equality, indicating good correlation between two measurements. CASL, continuous ASL; p-CASL, pseudo-continuous ASL; TI PASL, inversion time pulsed ASL.
on reproducibility of these techniques (Floyd et al, 2003; Gevers et al, 2009a; Hermes et al, 2007; Jahng et al, 2005; Parkes et al, 2004) . Looking at mean CBF values and the amount of data dispersion, as indicated by the CVs, we noticed that CASL and single TI PASL data from one site were largely responsible for this discrepancy. This might illustrate that CASL and single TI PASL are more sensitive to site-specific differences, for example, scanner hardware instability and B0-homogeneity. Reproducibility measures of the multi TI PASL sequence were comparable with data described in the multicenter QUASAR reproducibility study performed by Petersen et al (2010) , although the latter study was performed worldwide in a very large population. As the used single and multi TI PASL sequences use equal labeling modules, this implies that variations in labeling efficiency of single TI PASL probably cannot explain the observed differences in reproducibility. Our results underline the improved accuracy of multi TI PASL, being less dependent on model assumptions for the arterial transit time compared with single TI PASL (Petersen et al, 2006; van Osch et al, 2007) . The s.d. maps representing variability within imaging sessions showed most variability in regions of brain-feeding arteries. Small hotspots in these areas observed in single subject or in group analysis, should therefore not be considered as evidence for local cerebral pathology. Two different processes can Figure 6 Perfusion images registered to standard space with corresponding s.d. maps reflecting regional perfusion variability within and between imaging sessions. CASL, continuous arterial spin labeling; p-CASL, pseudo-continuous arterial spin labeling; s.d., standard deviation; TI PASL, inversion time pulsed arterial spin labeling.
explain these variations in ASL signal near the vessels. First, these variations can arise from the presence of residual label inside the arterial vasculature. The amount of residual label might vary, depending on, for example; the cardiac cycle, leading to the observed variations. Second, the signal intensity within the vessels can be large because of fresh inflow of spins, which will lead to relative larger subtraction errors and, therefore, more variance in the ASL data. The fact that the variance around the vessels is highly reduced in the p-CASL scan with background suppression seems to imply that fresh inflow of arterial blood has the most important role, as background suppression pulses will decrease the relative signal intensity of blood, thereby limiting the subtraction errors. The use of bipolar crushers could further reduce both types of vascular artifacts. In p-CASL, the use of additional background suppression pulses clearly reduced regional variability within sessions by removing short-term physiologic noise. The effect on long-term noise turned out to be considerably smaller. Continuous ASL (CASL) showed a different variability pattern than all other ASL methods; this could be attributed to the different transmit B1 properties of the transmitreceive head coil, as compared with the body coil. Regional variability maps elucidated that CASL variability varied in the anterior-posterior direction. This pattern might be caused by inhomogeneity in the B1 field of the transmit-receive head coil, which resulted in a more stable ASL signal in the posterior region of the brain, positioned closest to the head coil.
The s.d. maps representing variability between imaging sessions, showed most variability in gray matter. This is explained by the physiologic variation in cerebral perfusion between sessions that were separated by a 1-to 3-week time interval. This is supported by the fact that all ASL methods showed similar patterns, and that the use of background suppression did not alter the observed pattern. However, single TI PASL showed much higher variability in the posterior flow territory. The fact that the higher variations are specific to the complete posterior territory is highly suggestive for fluctuations in the labeling efficiency of the blood in the BA and vertebral arteries between sessions. Such fluctuations could be explained by different planning of the labeling stack: Although differences with respect to the straight vessels of the carotid system will always result in a similar amount of labeled blood, similar changes with respect to the posterior circulation might result in a more drastic change of the amount of created label.
Stability of labeling efficiency could be responsible for the difference between regional variability in CASL and p-CASL. The small variability between sessions, which is remaining in p-CASL, is probably of physiologic origin. It clearly shows gray-white matter differentiation, leading to the assumption that this variability is purely caused by alterations in neuronal functioning at the time of imaging. Theoretically, the between-session variation would be zero if only a global perfusion difference was present on each occasion. We do not expect that this variation will decrease with better readout sequences, as background suppression has no effect, suggesting that most of this variation has a physiologic origin. For CASL and single TI PASL, however, one can assume that in the between-session variation, a large portion of variability is due to scanning variations (mostly variations in labeling efficiency). In general, the reported between-session s.d.s are smaller than the within session s.d.s, as global variability is removed by scaling of the data and because convergence of the measured signal causes large variability in the within-session data that can no longer be observed in the between-session data.
This study suffered from several limitations. First of all, this study was performed in a small subset of healthy volunteers. Future studies in patient populations and larger groups of healthy individuals are to be expected. A considerable amount of data sets (n = 36) was acquired, however, by scanning all subjects multiple times. Therefore, the sample size was effectively larger as all calculations were based on 18 differences. In addition, no physiologic monitoring was performed that would have allowed for selection of a more homogenous population and conditions. The latter could have resulted in even better reproducibility of studied ASL sequences. Another limitation of this study was the use of a single field strength and scanner brand. 3T scanners are becoming more widely available and 3T is promising for clinical use of ASL. One might also assume a certain similarity of MR scanners provided by different vendors Petersen et al, 2010) . Imaging parameters were furthermore applied, as previously used in ongoing clinical studies within the participating imaging centers. Different parameter choices might of course have rendered different results (for instance, a relatively long echo time was used in the single TI PASL sequence and crusher gradients were not used). We indeed noticed that the within-session s.d. in a single subject improved only slightly if a shorter TE was used or if vascular crushers were added, underlining that the large differences found between p-CASL and single TI PASL are not solely attributable to our study design choices. Finally, we choose to evaluate frequently used ASL methods. We recognize the infinite range of ASL sequences; however, it was impossible to test all of them. Still, with the comparison of five ASL methods within and between different imaging centers, this study shows the possibilities and variability in CBF values when clinical multicenter studies are performed with similar or different ASL methods. In addition to previous ASL reproducibility studies, such as the worldwide QUASAR study that has been the first to overcome the limitation of small sample sizes, this study in which healthy subjects were scanned multiple times and at multiple sites gives a very strong support for the reliability of current state-of-the-art ASL techniques.
In conclusion, both intra-and multicenter reproducibility showed reasonable results for all ASL methods. Intra-and multicenter reproducibility were comparable for all methods but single TI PASL. On the basis of these results, one may expect that even multicenter differences between within-subject repeated measurements are within 20%, a finding that might enable the use of reference values in clinical routine, with perfusion data deviating < 20% over repeated imaging sessions within the same subjects considered normal. Regional variability patterns showed that variability within sessions is mostly seen around brain-feeding vasculature and that variability between sessions mostly reflects neuronal activity. Knowledge on the distribution of variability allows for the use of perfusionweighted images in the assessment of local cerebral pathology.
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